Introduction
The modeling of a power and energy dense chemofluidic actuation system discussed herein is aimed at producing a model based on first principles. The model of the system should ideally be simple with the minimum number of states, but at the same time should capture all of the relevant dynamics of the system from a control standpoint. This model is intended to provide a basis upon which to develop model-based controllers for this actuation concept. While the chemofluidic actuator has the appeal of being simple in design, it is fairly complex in terms of its operation. The complex interaction between several energy domains and the nonlinear nature of many of them necessitates a model-based control design to provide adequately accurate, high-bandwidth, efficient, stable operation as generally required of an untethered mobile robot platform. The modeling work for this kind of a system was started by Barth et al. ͓1͔ where they presented a preliminary model of the system that contained both first principle and empirical modeling elements. In this work, a purely first principle based model of the system is derived that utilizes known physical parameters or manufacturer provided parameters, and a minimal number of empirical parameters specific to the particular system components and configuration used. Furthermore, this model formalizes and validates the previously mixed derived/empirical model.
In recent years, the use of robots has gained significant importance in many arenas. Whereas industrial robots are primarily powered by electricity from the grid and require little consideration regarding their supply of power, mobile robots typically use a combination of electrochemical batteries and dc motors for power supply and actuation. Given that a mobile untethered robot must not only carry its supply of power but must also carry its own mass, the operation time of mobile robots is limited by both the energetic capacity of the battery and the overall mass of the combined power supply and actuation system. Current battery/ motor power supply and actuation systems lack the fundamental energy and power density required for a useful human-scale service robot. This is perhaps most poignantly illustrated by the P3 humanoid robot developed by Honda. The P3 is arguably the most advanced human-scale humanoid robot in the world and has a mass of about 130 kg, with its nickel-zinc batteries contributing a total mass of about 30 kg. This robotic system is capable of about 15-30 min of operation, depending on its workload. The P3's high mass and short operation illustrates a major technological bottleneck for the development of human-scale mobile robots that can operate power-autonomously ͑untethered͒ for extended periods of time.
Short operational times and limited power prohibits the introduction of mobile robots in applications where they can considerably improve the quality of human life, or replace humans performing hazardous operations. As an example, a robot in combat operation is expected to continue for a sufficiently long enough time to complete its mission ͓2͔. Similarly, a robot can be used in environments that are hazardous to human health. One such situation is the clearing of nuclear waste in a nuclear power plant where the environment is extremely unhealthy ͓3,4͔. Another application that is currently being explored is the introduction of service robots for people who are in need of assisted living, such as the elderly or handicapped ͓5͔. One of the principal purposes of such a robot assistant would be to provide handicapped people with the freedom to live and travel independently. A service robot should thus ideally travel nearly everywhere with its attendee and perform such tasks as reaching items from the upper shelves of a grocery store. Similarly, the use of robots in rescue operations is an active area of research. A mobile robot can be deployed to search the debris of collapsed structures to look for trapped victims ͓6͔. Space exploration is another application where robots are used, but their functionality is greatly limited ͓7͔. In all of the above cases, such robots are required to have a power source that is capable of providing energy and power appropriate for controlled actuation for extended periods of time. To make use of the full potential of mobile robots, an alternative power source to those currently available is needed.
One of the alternatives to a battery is the use of liquid fuels for the power supply and actuation of self-powered robots. Liquid chemical fuels have high thermodynamic energy densities. In this case the stored chemical energy of the fuels can be converted to heat whereupon the resulting heat released is converted to mechanical energy by the expansion of gaseous products. Among several possibilities, monopropellant liquid fuels offer several advantages for this type of system over other candidate fuels or energetic materials ͓8͔. Monopropellants are a class of chemicals that rapidly decompose in the presence of a catalyst. Since no ignition is required to start the chemical reaction, it eliminates the need of an igniting mechanism and thereby results in a low-weight energy converter system. Moreover, since the exposure of a monopropellant to catalytic material can be controlled via an actuated valve, this form of energy transduction lends itself well to controlled compressible fluid power actuation systems. Additionally, this method of transduction and actuation provides many advantages, such as, a high energy density, a high power density, the ability to refuel, and the distribution of power through small and flexible liquid lines. A detailed energetic characterization of such a system was recently presented by Fite and Goldfarb ͓9͔. For the experimental system presented here, hydrogen peroxide is selected from among other monopropellants ͑e.g., hydrazine or hydroxyl-ammonium-nitrate͒. The main reasons for this selection are hydrogen peroxide's nontoxicity, relative ease of handing, its stability at high temperatures, and safe exhaust products ͑oxygen and water͒ that allow it to be used indoors.
Monopropellants were originally developed in Germany during World War II. Since then they have been utilized in applications such as power gas turbines and thrusters of spacecrafts ͑e.g. ͓10͔͒. Their potential has also been recognized for the development of micropropulsion systems in nanosatellites ͓11͔. However, unlike the servocontrolled chemofluidic actuators discussed in this paper, the exothermic reaction dynamics are typically not a part of the control loop in present applications of monopropellant-based systems. The chemofluidic system poses several unique low-level ͑i.e., position, force, and impedance͒ control challenges unlike those present in the control of other more standard actuators like dc motors or fluid-powered ͑i.e., hydraulic or pneumatic͒ actuators. The uniqueness of these challenges is due to several factors. First, the system is both hydraulic and pneumatic in nature. As described in the following section, the inlet flow to the directinjection system is hydraulic, while the exhaust flow is pneumatic, and the control of the mechanical work output requires the cooperative control of both. Second, the exothermic reaction dynamics that provide the actuator work are contained inside the control loop. These dynamics are significant and cannot be neglected, and thus stable high-bandwidth control requires an appropriately constructed lumped-parameter dynamic characterization. In addition to the reaction dynamics, the thermal energy generated by the exothermic reaction is converted to mechanical work via the thermodynamic constitutive behavior of the gaseous reaction products, which must also be dynamically characterized for the goal of achieving stable high-bandwidth closed-loop behavior.
Though the modeling and control of fluid powered actuation has been a topic of study present in the scientific literature ͑e.g., refer to ͓12-15͔͒ since the 1950s, little modeling has been done for the hydraulic/pneumatic chemofluidic system described in this paper. Recent works by Barth et al. ͓1͔ have shown the modeling of the direct injection system. Also presented in ͓9,16͔ are experimental findings on the energetic capability of the chemofluidic actuation system. In these works, a first order dynamic model was assumed for the heat released. Similarly the heat loss was characterized by a first order dynamic equation. In this paper, the system model is extended to replace these assumptions with first principle constitutive relations.
Operating Principle
The operating principle of the monopropellant powered system to extract mechanical work is shown in Fig. 1 . Hydrogen peroxide is fed from a pressurized blow-down storage tank into the catalyst pack via a solenoid-actuated valve. The storage tank is pressurized to 2070 kPa ͑300 psig͒ with an inert gas to create the necessary pressure drop across the valve required for fuel delivery. The duration that the valve is open governs the amount of hydrogen peroxide that flows into the catalyst pack. Upon contact with the catalyst, the monopropellant decomposes into steam and oxygen as per the following equation:
The decomposition of hydrogen peroxide is highly exothermic. Two possible configurations to extract mechanical work from the hot gaseous products are shown in the figure. Figure 1͑a͒ shows a centralized system in which the hot gaseous products are collected in a centralized reservoir. This hot reservoir is in turn connected to the actuator's cylinder chambers via a pneumatic four-way proportional valve. A controlled amount of compressible fluid is provided by the pneumatic valve to either of the two chambers, depending on the force and the load requirements to generate the desired mechanical work. In the second configuration ͑Fig. 1͑b͒͒, termed as direct injection, the work of the actuator piston is controlled by directly injecting the hot gaseous products from the catalyst pack into the chambers ͑i.e., no reservoir for storing hot gases͒. The output of this type of a system is controlled using hydraulic metering valves that govern the flow of monopropellant to the catalyst packs, as well as a pneumatic exhaust valve that depressurizes each chamber by exhausting the gaseous products to the external environment. The block diagram of both the configurations is shown in Fig. 2 .
System Modeling
The modeling tasks here include the modeling of a hydraulic inlet valve, a catalyst pack, a compressible fluid power actuator, and a pneumatic exhaust valve. An energy balance based approach is taken to model these components and their interaction. In the case of the catalyst pack and actuator chamber, a control-volume approach is taken. With the knowledge of the mass, energy, and heat crossing the boundary of the control-volume, the system's dynamic equations can be derived using the law of conservation of energy.
Hydraulic Inlet Valve.
The hydraulic inlet metering valve is one of the control elements of the actuation system. Precise control of the system requires the precision metering of monopropellant via the operation of the valve. The mass flow rate through the valve is a function of upstream and downstream pressures and the density of the fluid flowing through the valve, and is given as follows:
where, ṁ in is the mass flow rate, is the density of the fluid, Q in is the volumetric flow rate. The volumetric flow rate can be derived using Euler's and Continuity equations and is defined by
where, C d is the discharge coefficient ͑a parameter provided by the manufacturer or easily measured͒, A o is the orifice area of the valve, P 1 and P 2 are the upstream and downstream pressures respectively. Substituting Eq. ͑3͒ into Eq. ͑2͒ yields
is a well accepted model in the literature for the liquid flow through a control valve. This model cannot be derived rigorously but instead is obtained by considering the control valve as analogous to a flat plate orifice ͑Fig. 3͒. Since the density of the fluid passing through the control valve is constant for the system presented in this paper, Eq. ͑3͒ can be rewritten in a simplified form as
Catalyst Pack.
The catalyst pack is the component of the system where the energy conversion from stored chemical energy to heat takes place. The monopropellant enters into the catalyst pack from one end and the chemical reaction is triggered as it moves over the catalyst bed. As a result, hydrogen peroxide decomposes into steam and oxygen and heat energy is liberated. The catalyst bed offers resistance to the flow of both the reactant and the resultant gaseous products. The flow resistance can be modeled as fluid passing through an orifice ͑Fig. 4͒ and the governing equations can be obtained. The modeling of the catalyst pack is divided into two subsections. In the first subsection, the flow resistance offered by the catalyst bed is modeled. The next subsection captures the reaction dynamics and the energy released by the decomposition of the monopropellant hydrogen peroxide.
Catalyst Pack Flow Resistance.
Since the inlet to the catalyst pack is a liquid and the output is gaseous products, the flow over the catalyst bed can be modeled as two extremes by the following two cases. In the first case, it is considered that the monopropellant decomposes at the outlet of the catalyst pack and hence the flow through the catalyst pack is a liquid throughout the length. In the second case, it is considered that the monopropellant decomposes at the inlet of the catalyst pack and hence the gaseous products flow across the length. With the first consideration, the derivation of mass flow rate through the catalyst pack is similar to the model of the hydraulic inlet valve and is given as 
where P 2 and P 3 are the upstream and downstream pressures of the catalyst pack respectively, C 2 is the discharge coefficient, and A cat is the effective area of the catalyst pack.
With the second assumption ͑decomposition at the beginning of the catalyst pack͒, the mass flow rate can be obtained as discussed in Sec. 3.4. Both cases considered here are idealized and in reality, the phase transformation takes place somewhere along the length of the catalyst pack. In this paper, the first assumption ͑decompo-sition at the end of the catalyst pack͒ is used to calculate the mass flow rate through the hydraulic inlet valve and the catalyst pack. Eliminating P 2 from Eq. ͑5͒ and ͑6͒ yields
͑7͒
This above equation characterizes the input-output relationship of the inlet hydraulic valve as shown in the block diagram ͑Fig. 2͒. The input to the block is the area of the valve and the output is the mass flow rate of the propellant.
Catalyst Pack Thermal Modeling.
A control volume ͑CV͒ approach is taken to model the energy release in the catalyst pack. As such, mass, heat, and work can cross the boundary of the control volume. A power balance equates the energy storage rate to the energy flux rate crossing the boundary. The rate form of the first law of thermodynamics is given as follows:
where U cat is the rate of change of the internal energy of the catalyst pack, Ḣ cat is the net rate of change of enthalpy entering the catalyst pack, Q cat is the net rate of change of heat energy entering into the catalyst pack, and Ẇ cat is the power or rate of work done by the system on the external environment. The potential and kinetic energy associated with the fluid/gases entering and leaving the catalyst pack is assumed to be negligible in Eq. ͑8͒. This is because of the fact that these energies are negligible as compared to the heat energy of the gases that are leaving the control volume. In addition, uniform properties of the mass entering and leaving the CV are assumed. The dynamic characteristics of the catalyst pack are obtained by solving Eq. ͑8͒. In the following part of this section, all the terms of Eq. ͑8͒ are evaluated and the resulting expressions are then substituted in the rate form of the first law of thermodynamics ͑i.e., Eq. ͑8͒͒ to obtain the input-output relationship of the catalyst pack block of Fig. 2. 
Determining rate of change of work done.
Considering the fixed volume of the catalyst pack, the work done by the catalyst pack on a CV drawn around it is zero and hence,
Determining Rate of Change of Enthalpy.
The net rate of change of enthalpy is given by
where ͑Ḣ cat ͒ in and ͑Ḣ cat ͒ out are the rate of change of enthalpy entering and leaving the CV, respectively. ͑Ḣ cat ͒ in in Eq. ͑10͒ is calculated by the energy expression ͑with respect to an arbitrary reference energy͒,
where m in is the mass of the fluid entering into the CV, C p is the average specific heat of the liquid monopropellant at a constant pressure, and T in is the temperature of the liquid entering into the CV. Differentiating Eq. ͑11͒ yields
Since there is almost no variation in the temperature of monopropellant upon entering into the catalyst pack, T in can be assumed as constant and Eq. ͑12͒ reduces to the following:
Substituting ͑Ḣ cat ͒ in from Eq. ͑13͒ into Eq. ͑10͒ yields
Determining Heat Energy Rate Entering the Controlled Volume.
The rate of heat energy supplied to the CV can be calculated as follows:
where Q D is the rate of heat released by the decomposition of hydrogen peroxide and Q E is the rate of heat lost to the environment. The decomposition of a monopropellant in the catalyst pack results in the release of heat. The chemical equation of hydrogen peroxide decomposition is given by Eq. ͑1͒. The heat released by the reaction can easily be calculated using enthalpy of formation h f and molecular weights of the reactants and the products h f͑H 2 O 2 ͒ ͑l͒ = − 187.61 kJ/mol h f͑H 2 O͒ ͑l͒ = − 285.83 kJ/mol ͑16͒ 
where ṁ D is the decomposition rate of hydrogen peroxide in the CV. The decomposition of hydrogen peroxide obeys a first order chemical kinetics law. The rate of decomposition is strongly dependent on the temperature, purity of the monopropellant, and the type of catalyst used. The rate of change of the concentration of hydrogen peroxide is given by the Arrhenius law ͑Khoumeri et al. ͓17͔͒
where d͓H 2 O 2 ͔ D / dt is the rate of change of concentration of hydrogen peroxide in the CV, E a is the activation energy of hydrogen peroxide, T is the temperature inside the catalyst pack, K o is the pre-exponential factor, and e −E a /RT is the Boltzmann factor. Multiplying Eq. ͑20͒ by the molecular weight and the volume of hydrogen peroxide results in:
where m is the total mass of the monopropellant in the catalyst pack. The above equation shows that the rate of decomposition of hydrogen peroxide increases exponentially with an increase in temperature. The nonlinear dynamic model presented by Khoumeri et al. for the change of hydrogen peroxide decomposition showed a good agreement with experimental results. The authors showed the results with a fixed initial amount of hydrogen peroxide. The same model is used in this paper and the mass of the monopropellant inside the catalyst pack is calculated as follows:
In the Laplace domain, Eq. ͑19͒, ͑21͒, and ͑22͒ can be more compactly represented by the following ͑with a slight abuse of notation due to the nonconstant coefficient͒:
where,
͑23͒
Equations ͑23͒ can be solved either analytically or numerically to calculate the rate of decomposition of hydrogen peroxide and for the resulting amount of heat released.
Determining Rate of Heat Loss.
The energy released by the chemical reaction, Q D , increases the temperature of the fluid flowing through the catalyst pack. This results in the phase transformation of the reactants and the products from liquid to the gaseous state. A portion of the energy released is also lost to the catalyst pack walls. If linear heat conduction is considered, a unit analysis reveals that it can be cast in terms of energy flux rates. The linear heat conduction equation can be derived using Fourier's law of heat conduction and is given in the following form:
where k is the thermal conductivity of the material, A / l represents the characteristic length, T high represents the temperature inside the catalyst pack, and T atm is the temperature of the surroundings. Though this equation gives a direct relationship for heat loss to the environment, it also necessitates the measurement of the temperature inside the catalyst pack. To avoid adding state variables relating to the temperature of the decomposed substance inside the catalyst pack, the temperature of the catalyst pack walls and the external environment, the temperature inside the catalyst pack T high can be assumed to be constant. An alternate approach that relates the heat loss to previously established state variables regarding energy flux rate is as follows. The rise in temperature inside the catalyst pack is the direct result of the rate of heat released by the decomposition of hydrogen peroxide. As a consequence, the following approximation can be made:
where, k cp is a proportionality constant. The above equation shows that a higher decomposition rate implies higher temperature inside the catalyst pack and hence higher heat losses. As per this assumption, there is no heat transfer to the environment when the decomposition rate of the monopropellant is zero. However, it should be noted that in the actual case, there is some heat transfer but it is negligible as compared to the heat losses from the actuator due to the larger surface area of the actuator as compared with the catalyst pack. Substituting Eq. ͑25͒ into Eq. ͑24͒ yields
Since kAk cp / l is a constant for a particular configuration of the catalyst pack, the above equation can be rewritten as
Either of the two equations, Eq. ͑24͒ ͑with T high as a constant͒ or Eq. ͑27͒, can be used to calculate the rate of heat transfer from the catalyst pack. The resulting inaccuracy due to the assumptions made here can be taken into account with the design of a modelbased robust controller.
Determining Rate of Change of Internal
Energy. The internal energy of the catalyst pack is the energy stored by the fluid in the CV, where the walls are excluded from the CV. The amount of energy stored by the fluid is negligible as compared to the energy stored in the catalyst pack walls ͑modeled as heat loss͒. This can be seen by considering the steady state temperature condition of the catalyst pack. During the steady state condition, the fluid inside the catalyst pack and its walls are at the same temperature
therefore,
where m w is the mass of the catalyst pack casing, C cat and C w are the specific heats at constant volume of the fluid in the catalyst pack and casing respectively. Dividing both sides of Eq. ͑30͒ by ⌬t and taking the limit,
The ratio m / m W 1 ͑approximately 10 −4 ͒ and also C cat / C W Ͻ 1. Therefore,
Substituting Ẇ cat , Ḣ cat , Q cat , and U cat from Eq. ͑9͒, ͑14͒, ͑15͒, and ͑32͒ in Eq. ͑8͒,
With these substitutions, Eq. ͑33͒ can be reduced to the following compact representation ͑again with a slight abuse of notation͒,
The input-output relationship of the catalyst pack block in Fig. 2 is governed by Eq. ͑34͒. The control input to the block is the mass flow rate of the monopropellant and the output is the enthalpy rate flowing out of the catalyst pack.
3.3 Actuator. The schematic in Fig. 1 shows the control volume with moving boundaries for the actuator chamber. In this case, the control volume boundaries change with the position of the piston. The energy balance equation is again applied, as per the first law of thermodynamics, to obtain
In the above equation, subscript "ch" shows that properties here stand for the actuator chamber. The dynamic characteristics of the actuator are obtained by the use of the above equation. All of the terms of this equation are evaluated in the following subsections.
Rate of Change of Internal Energy.
By taking the average specific heat, C v , in the temperature range of 300-450 K, the internal energy of the chamber, with respect to an arbitrary reference energy, is given by the expression
where m ch is the mass of the gaseous products in the CV of the cylinder and T ch is the temperature in the cylinder. Therefore,
Using the relationship, C v = R / ͑␥ −1͒ and substituting this in the above equation results in
where ␥ is the ratio of the specific heat at constant pressure to the specific heat at constant volume, ␥ = C p / C v , and R is the gas constant. Using the ideal gas relationship PV = mRT ch , Eq. ͑38͒ yields:
The above equation can be rewritten as follows:
where P is the pressure in the CV, and V is the volume of the CV.
Determining Rate of Change of Enthalpy.
The rate of change of enthalpy is defined by the following relationship:
If the heat losses are neglected between the catalyst pack and the cylinder
͑Ḣ ch ͒ out in Eq. ͑41͒ can be calculated as follows:
where ṁ e is the mass flow rate from the exhaust valve and can be calculated using Eq. ͑53͒ discussed in the next section, ͑C p ͒ O 2 is the average specific heat of oxygen at a constant pressure, h f is the specific enthalpy of saturated liquid, h fg is the specific enthalpy of vaporization, x is the dryness fraction of steam, x O 2 and x H 2 O 2 are the fraction of oxygen and hydrogen peroxide per kilogram of the exhaust products ͑Eq. ͑18͒͒, and T ex is the temperature of the exhaust products.
Determining Rate of Heat Loss.
The equation of heat loss to the environment is similar to Eq. ͑24͒ defined for the catalyst pack and is given as follows:
For this case, T high is assumed to be a constant for the purposes of calculating heat losses to the environment.
Determining Rate of Change of Work Done.
The rate of work done by the cylinder, Ẇ ch , can be calculated using the following relationship:
Substituting the expressions for U ch , Ḣ ch , and Ẇ ch into Eq. ͑35͒ results in
Rearranging Eq. ͑46͒ yields
The rate of change of pressure inside each chamber can therefore be expressed as
where P ͑a,b͒ is the pressure of the chambers a and b of the cylinder respectively, and V ͑a,b͒ is the volume of each cylinder chamber. The volume in each chamber is related to the rod position y by 
where M is the mass of the piston-load assembly, B is the viscous friction coefficient, F f is the Coulomb friction force, and A r is the area of the rod. The gas constant used in the above equations is the weighted average of gas constants of the steam and oxygen. This following relationship can be derived using Dalton's law of partial pressures ͑see ͓18͔͒:
Similarly ␥ is also the weighted average of the specific heat ratios of steam and oxygen. Equation ͑48͒ characterizes the input-output dynamic relationship of the actuator in Fig. 2 . The same equation with V = 0 also characterizes the hot gas reservoir in the centralized configuration ͑Fig. 2͑a͒͒. The output, Ṗ , of this block is a function of two inputs.
The first input, ͑Ḣ ch ͒ out , is the enthalpy flow rate out of the chamber and the other input is the enthalpy flow rate, ͑Ḣ ch ͒ in , entering the chamber.
Pneumatic Valve.
The mass flow rate through the pneumatic valve ͑4-way proportional valve or exhaust valve͒ depends on the upstream and downstream pressures. The mass flow rate increases with the increase in the ratio of upstream to downstream pressure. The choked flow condition occurs when the velocity of flow through the valve orifice reaches the speed of sound, in which case the mass flow rate depends linearly on the upstream pressure. Below this velocity, the flow is unchoked and the mass flow rate is a nonlinear function of upstream and downstream pressure. The flow rate under subsonic and sonic conditions are given as follows ͓15,19͔:
where C e is the discharge coefficient of the valve ͑a manufacturer provided parameter͒, A e is the area of the valve, T e is the temperature of the gaseous products, and P u and P d are the upstream and downstream pressures of the valve, respectively. The role of upstream and downstream pressures depends on the configuration. In the case of direct injection exhaust valve ͑Fig. 1͑b͒͒, the downstream pressure is atmospheric pressure, and the upstream pressure is the pressure in the actuator chamber. For the centralized system ͑Fig. 1͑a͒͒, the charging side of the proportional valve has an upstream pressure equal to the reservoir pressure and a downstream pressure equal to the actuator chamber pressure, while the discharge side of the proportional valve has an upstream pressure equal to the actuator chamber pressure and a downstream pressure of atmospheric pressure. In all configurations, a pneumatic flow valve has a valve area as the input and a mass flow rate through the valve as an output.
Experimental Setup and System Identification
Experiments were conducted to check the accuracy of the firstprinciples derived dynamic model. A schematic for the system setup is illustrated in Fig. 1 . The objective of the experiments was to measure the change of pressure in a cylinder for any given input to the binary on/off input valve or proportional exhaust valve as a function of time. These measured results were in turn compared to the corresponding output obtained by the derived dynamic model. The closeness of the response obtained experimentally to the model-based response will indicate the accuracy and correctness of the model.
For the experiment, two significantly different volume cylinders of different geometries were selected to show the model invariance to design changes. In the first setup ͑dashed-dotted line of Fig. 1͑a͒͒ , a 300 cubic centimeter fixed volume cylinder was used as a reservoir. The propellant was stored in a stainless-steel blowdown tank which was equipped with a pressure transducer ͑Omega PX200-200 GV͒. Liquid hydrogen peroxide of 70% concentration was used in the experiment and was pressurized to 690 kPa ͑100 psig͒ with inert nitrogen gas. A single solenoidoperated binary on/off valve ͑Parker General Valve model 009-581-050-2͒ was used for controlling the flow of propellant from the blow-down tank. The catalyst pack that immediately follows the binary on/off valve was constructed in-house and consists essentially of a 5 cm long stainless-steel tube packed with Shell 405 catalyst material. A thermocouple ͑Omega K-type͒ was attached to the catalyst pack to measure the rise in temperature. The catalyst pack was in turn connected to the hot gas pressure reservoir. The pressure in the reservoir was measured using a pressure transducer ͑Omega PX202-200 GV͒ attached to the reservoir.
In the experiment, hydrogen peroxide passes through the solenoid operated on/off inlet valve and the catalyst pack as commanded, and pressurizes the fixed volume cylinder. The inlet valve was opened for different time durations ͑from 1 s to 5 s͒ to measure the rise of pressure in the fixed volume cylinder. The valve was commanded using a Pentium 4 PC with an A/D card ͑National Instruments PCI-6031E͒. The change in the pressure inside the fixed volume cylinder was recorded and compared with the model response to the same input.
In the second setup, the fixed volume cylinder was replaced with a variable volume ͑maximum volume of 58 cubic centimeters͒ pneumatic cylinder ͑Fig. 1͑b͒͒ with a corresponding maximum stroke length of 4 in. In addition, a 4-way solenoid valve ͑MicroAir Numatics͒ was modified to offer proportional operation and was utilized for discharging steam and oxygen from the cylinder to the atmosphere. Pressure sensors ͑EPXT Entran͒ were used to measure the pressures in the cylinder. For this experiment, a series of pulses of 50 ms were given to the solenoid operated input valve. The corresponding rise of pressure in the chamber ͑chamber a of Fig. 1͑b͒͒ was recorded and compared with the simulation results. Similarly, the exhaust valve was commanded to open for 120 ms and the resulting drop in the pressure was recorded and compared to the simulation results. In this setup, a relatively high supply pressure of 2.07 MPa ͑300 psig͒ was used. In another set of readings, the piston was set at different positions ͑therefore different volumes͒ and the pressure data were collected for the same input signal. The experiment was also repeated while the position of the piston was continuously changing.
For evaluating the model response, the valve discharge coefficient of the hydraulic valve ͑C d ͒ was determined by measuring the mass of water flowing through the valve in a certain amount of time. The blow-down tank was filled with water and pressurized to 138 kPa ͑20 psig͒. The inlet valve was then commanded to open for 5 s and the volume of water flowing out was measured for mass flow rate calculations. With this value of flow rate, the valve discharge coefficient was determined using Eq. ͑4͒. The experiment was repeated for different supply pressures and for different opening times of the valve. An average discharge coefficient of 0.78 was then calculated based on the readings. The solid line in Fig. 5 shows the plot of mass flow rates that were observed experimentally and the dashed line shows the calculated mass flow rate with the average discharge coefficient. Similarly, the valve discharge coefficient of the exhaust valve was determined experimentally using a Hastings Mass Flowmeter. Compressed air was used as the medium for the measurement of mass flow rate at different valve openings of the valve ͑not shown͒. The average discharge coefficient ͑C d = 0.39͒ was then calculated using Eq. ͑52͒. Figure 6 shows experimental and simulation results for the fixed volume cylinder of 300 cm 3 . The dotted line in the figure shows the simulation pressure while the solid line shows the actual pressure rise in the fixed volume cylinder. As seen in the figure, there is a good agreement between the simulation and experimental results in terms of the pressure and the rate of pressure. Figure 6͑a͒ shows the change in pressure when the inlet hydraulic valve was commanded to open for 1 s. As can be seen, the pressure increases rapidly up to 1 s and then starts to decrease slowly. The increase in the pressure is the result of heat produced due to the decomposition of hydrogen peroxide that passes over the catalyst when the valve is opened. The decrease in pressure is primarily because of the heat losses to the walls of the cylinder and to the environment. The actual drop in the pressure is observed to be slightly different than the simulation results. This is mainly due to the assumption made for calculating heat losses. Other contributing factors for the deviation may include the presence of minor leakages in the cylinder through fittings. Figures 6͑b͒-6͑e͒ show the rise in pressure with the solenoid operated on/off inlet valve commanded to open for 2, 3, 4 and 5 s, respectively. Figure 6͑f͒ shows the change in the pressure when the valve was commanded to open for 1 s and close for 1 s in a cycle.
Results and Discussion
The results for the variable volume cylinder are shown in Figs. 7 and 8. Figure 7͑a͒ shows the rise in the pressure when the position of the piston was set and held at 1 in. ͑volumeϭ 14.5 cm 3 ͒. The figure shows the rise in the pressure when a series of four pulses of 50 ms were given to the inlet hydraulic valve. The four series of data have been placed on the same figure for compactness, but each was a separate run where the initial pressure in the simulation was set to match the actual initial pressure. Figure 7͑b͒ shows the drop in the cylinder pressure when the exhaust valve was opened for 120 ms. Two separate cycles of the exhaust valve opening are shown in the figure. It was observed in the experiment that the recorded temperature of the exhaust products was close to the saturation temperature. This indicates that the quality of steam is between the saturated liquid and saturated steam. The enthalpy of steam flowing out of the cylinder was calculated using a steam look-up table. The best results were obtained when the dryness fraction of the steam was set to a value of 0.35.
Similarly, Fig. 8 shows the simulation and experimental results when the position of the piston was set and held at 4 in. ͑volumeϭ58 cm 3 ͒. Figure 9 shows the change in pressure when the volume of the cylinder was changed continuously over a period of time by imposing a variable load on the output piston during operation. A close agreement is observed between the simulation and experimental results.
In the simulation, most of the parameters of the model were set as per the values found in the literature. Some of the parameters ͑e.g., valve discharge coefficient, or k cat ͒ were either identified experimentally or tuned for better results. For example, the value of the pre-exponential factor ͑K o ͒ ranges from 10 14 to 10 19 s −1 in the literature. But the best results were obtained using the value of K o as 10ϫ 10 17 s −1 . One major intent of this work was to formulate a model that had a minimum number of empirical parameters. Of the empirical parameters remaining in the model presented, all are intuitive quantities with intuitive and fairly well decoupled influences. It is in this manner that the model is useful; all parameters can either be found in the literature or are well understood parameters with intuitive effects that can be measured or estimated. As was not the case with prior modeling work on this system, the model presented is derived using first principles and therefore contains only physically meaningful parameters. The Transactions of the ASME values of all the parameters used for this experiment are presented in Table 1 . Finally, it should be noted that it was observed that the effective area of the catalyst pack changes slowly over a period of time. This results in a change in the mass flow rate behavior and consequently the pressurization rate behavior of the cylinder. This slowly varying plant behavior can be addressed either by implementing a robust controller or by adapting this parameter in the control design.
Conclusions
The dynamic model of inlet hydraulic valve, catalyst pack, actuator, and the pneumatic valve was presented that is associated with a proposed monopropellant-based actuation system. This modeling effort was pursued using fundamental energetic principles in an effort to obtain a model with physically meaningful and well understood parameters. The motivation for obtaining the model was to describe the dynamics associated with either the centralized or direct injection configuration useful for purposes of control, and in part to aide in the development of such monopropellant-based actuation systems. An experimental verification of the model revealed good agreement with both dynamic and steady-state characteristics of the system. 
